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The e q u i l  i b r i u r n  w a t e r  r e t e n t i o n r  M w / M s ,  o f  s u s p e n s i o n s  

h a v i n g  a pH-dependent  s u r f a c e  c h a r g e  ( c a r b o n a t e - c o n t a i n i n g  

aluminun; hydrox ide  and fumed s i l i c a )  appears t o  be due t o  wa te r  

adsorbed by t h e  su r face  as w e l l  as wa te r  r e t a i n e d  i n  pores. The 

w a t e r  r e t a i n e d  i n  p o r e s  has  a l o w e r  l i m i t  d e t e r m i n e d  by t h e  

c l o s e s t  p a c k i n g  p o r o s i t y .  M a x i m a l  w a t e r  r e t e n t i o n  o c c u r r e d  

when t h e  pH w a s  e q u a l  t o  t h e  p o i n t  o f  z e r o  c h a r g e  a n d  

a t t r a c t i v e  p a r t i c l e  i n t e r a c t i o n s  p r e d o m i n a t e d .  T h e  

c o n t r i b u t i o n  o f  p o r e  w a t e r  t o  M w / C 1 ,  can  be m i n i m i z e d  by 

s e l e c t i n g  a pH s i g n i f i c a n t l y  d i f f e r e n t .  f r o m  t h e  p o i n t  o f  ze ro  

charge. The water  r e t e n t i o n  p r o p e r t i e s  of t h e  suspension under 

t h e s e  c o n d i t i o n s  a r e  b e l i e v e d  t o  be  due t o  a d s o r p t i o n  and t h e  
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2554 NIXON,  WHITE, AND HEM 

c l o s e s t  pack ing po ros i t y .  P r e l i m i n a r y  resu l t s  ind ica te  t h a t  

t h i s  M ~ / M ~  can be re la ted  t o  the  surface area o f  t h e  suspended 

sol id. 

I" 
A recen t  s tudy o f  water  r e t e n t i o n  by s l u r r i e s  o f  35 

d i f f e r e n t  sodium saturated montmori l lonites indicated t h a t  t h e  

spec i f i c  surface area was d i r e c t l y  re la ted  t o  the  water content 

a t  e q u i l  i b r i u m l .  T h i s  obse rva t i on  suggests t h a t  t h e  su r face  

area o f  suspended so l i ds  may be determined wi thout  dry ing the  

suspensions. This would be very desirable f o r  pharmaceuticals 

as b i o a v a i l a b i l i t y  and drug a c t i o n  a re  l i k e l y  t o  be more 

c losely  re la ted t o  the  surface area i n  contact w i th  t h e  l i q u i d  

phase than the  surface area o f  t he  dry drug. Newmian2 has also 

suggested t h a t  measurement o f  water adsorption by moist s o i l s  

under c o n t r o l l e d  c o n d i t i o n s  can be used t o  measure t h e  t o t a l  

s p e c i f i c  su r face  f o r  s o i l s  c lassed as s m e c t i t i c  and hav ing  a 

l a r g e  c a t i o n  exchange capaci ty .  These s t u d i e s l r 2  have d e a l t  

mainly w i t h  clays which have a f i xed  surface charge, whereas, 

most drugs e x h i b i t  a pttdependent surface charge. Therefore, a 

s tudy was undertaken t o  de termine i f  t h e  water  r e t e n t i o n  

proper t ies o f  dispersed s o l  i d s  hav ing  a pH-dependent su r face  

charge could be re la ted  t o  t h e  surface area i n  contact w i t h  t h e  

1 iqu id  media. 

EXPERIMENTAL 

The amorphous carbonate-conta in i  ng a1 umi num hydrox ide  

suspension (Chattem Chemical Co., Chattanooga, TN) and t h e  
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PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2555 

fumed s i l i c a  (M-5, MS-7, MS-75, I-IS-5, Cabo t  C o r p o r a t i o n ,  

Boston,  M A )  were  o b t a i n e d  c o m m e r c i a l l y .  The amorphous 

carbonate-conta in ing  aluminum hyd rox ide  suspension was ad jus ted  

t o  t h e  d e s i r e d  pH by  t h e  a d d i t i o n  o f  1 N HC1 o r  1 N NaOH and 

each  s a m p l e  was d i l u t e d  t o  c o n t a i n  9.2% e q u i v a l e n t  a l u m i n u m  

o x i d e  as determined by c h e l a t o m e t r i c  t i t r a t i o n 3 .  F i v e  pe rcen t  

w / w  suspensions o f  fumed s i l i c a  were prepared. F o l l o w i n g  pH 

a d j u s t m e n t  w i t h  e i t h e r  1 N HC1 o r  1 N NaOH t h e  fumed s i l i c a  

suspensions were d i l u t e d  t o  4.7% w/w.  The p o i n t  o f  ze ro  charge 

was detern l ined by use o f  a cont inuous  t i t r a t i o n  procedure4. 

A s t a n d a r d  t e c h n i q u e  t o  d e t e r m i n e  w a t e r  r e t e n t i o n  by 

s o i l s 5  was used f o r  t h i s  s tudy .  A p r e s s u r e  p l a t e  c e l l ,  27.5 

cm. d i a m e t e r  ( S o i l  Tes t ,  Inc., Evans ton ,  IL) was s e a l e d  i n  a 

p ressure  chamber hav ing  a p o r t  f o r  d e l i v e r i n g  n i t r o g e n  gas a t  

t h e  d e s i r e d  p r e s s u r e  and a p o r t  f o r  t h e  o u t f l o w  tube .  The 

pressure  p l a t e  c e l l  c o n s i s t s  o f  a porous ceramic  p l a t e  covered 

u n d e r n e a t h  w i t h  a t h i n  neoprene  d i a p h r a g m  and s e a l e d  t o  t h e  

edges t o  s e r v e  a s  a c o l l e c t i o n  c o n d u i t .  An i n t e r n a l  s c r e e n  

p r o v i d e s  a passage f o r  t h e  f l o w  o f  w a t e r .  An o u t l e t  s t e m  

c o n n e c t s  t h i s  c o l l e c t i o n  c o n d u i t  t o  an o u t f l o w  t u b e  f i t t i n g  

w h i c h  c o n n e c t s  t o  t h e  a t m o s p h e r e  o u t s i d e  o f  t h e  p r e s s u r e  

chamber. The n i t r o g e n  gas l i n e  was connected t o  a manometer t o  

m o n i t o r  p r e s s u r e .  The o u t f l o w  t u b e  e m p t i e d  i n t o  a b u r e t  t o  

a l l o w  measurement o f  wa te r  ou t f l ow .  The s p e c i f i c  procedure was 

as f o l l o w s :  
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2556 NIXON, WHITE, AND HEM 

1, The pressure  p l a t e  c e l l  was presoaked i n  d i s t i l l e d  

Care was taken t o  water  f o r  a t  l e a s t  24 hours p r i o r  t o  use. 

avoid submerging the  drainage tubing. 

2. The suspensions were t i t r a t e d  t o  t h e  desired pH by an 

au tomat ic  t i t r a t o r  (Radiometer, Copenhagen, Denmark) and 

d i l u ted  t o  f i n a l  volume a t  l e a s t  24 hours p r i o r  t o  the  s t a r t  of 

t h e  experiment t o  ensure equi l ibrat ion.  

3. Premoistened 0.05 um membrane f i l t e r s  were placed on 

t h e  porous ceramic  p la te .  Po lymethy l  me thac ry la te  h o l d i n g  

r i n g s  (3.1 cm i.d., 1 cm h igh )  which h e l d  8 mL were sealed t o  

t h e  pre-moistened membrane f i l t e r  w i t h  h i g h  vacuum grease. 

Twelve samples could be placed on the  porous ceramic plate. 

4. The pH o f  each sample was v e r i f i e d  and readjusted, i f  

necessaryr before an 8 m l  sample was placed i n  a ring. 

5. The pressure  chamber was sealed and t h e  des i red  

pressure gradually developed. S1 i g h t  adjustments were made i n  

the  ra te  o f  nitrogen f low during the  experiment t o  maintain t h e  

desired pressure. 

6. Water o u t f l o w  was mon i to red  u n t i l  no f u r t h e r  water  

f l o w e d  i n t o  t h e  c o l l e c t i o n  buret, i.e., t h e  system had 

equ i l ib ra ted  a t  t h e  applied pressure. Equ i l i b ra t i on  t y p i c a l l y  

requ i red about 48 hours. 

7. The a p p l i e d  pressure  was d i scon t inued  as soon as t h e  

system e q u i l i b r a t e d .  The pressure  chamber was opened and 

por t ions of each sample were qu ick ly  t ransferred t o  tared v i a l s  
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PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2557 

which had been p r e v i o u s l y  heated t o  remove any o r g a n i c  m a t e r i a l  

and immed ia te l y  weighed. T h i s  we igh t  was te rmed wet  weight. 

8. Samples  were  d r i e d  a t  105OC f o r  24 h o u r s  and t h e n  

The v i a l s  were t h e n  weighed t o  p laced i n  a d e s i c c a t o r  t o  cool .  

o b t a i n  t h e  d r y  weight. 

9. The s a m p l e s  w e r e  r e t u r n e d  t o  t h e  105% oven  u n t i l  a 

cons tan t  we igh t  was obtained. 

10. The mass o f  Water, M w ,  p e r  mass o f  s o l i d ,  M,, a t  

e q u i l i b r i u m  was c a l c u l a t e d  by Equat ion  1. 

MW 

L’S ( d r y  we igh t  - t a r e )  

(wet  we igh t  - t a r e )  - ( d r y  we igh t  - t a r e )  
Eq - =  

RESULTSAWDISCUSSION 

The p r e c i s i o n  o f  t h e  e q u i l i b r i u m  wa te r  r e t e n t i o n  method 

was s t u d i e d  by r u n n i n g  3 i d e n t i c a l  s a m p l e s  o f  an amorphous 

c a r b o n a t e - c o n t a i n i n g  a l u m i n u m  h y d r o x i d e  on  3 d i f f e r e n t  

o c c a s i o n s  a t  a p r e s s u r e  o f  1 atmosphere .  The s t a n d a r d  

d e v i a t i o n  was 1.54%. 

The e q u i l i b r i u m  water  c o n t e n t  expressed as mass o f  water  

p e r  mass of so l i d ,  Mw/M,t o f  an amorphous carbonate-conta in ing  

aluminum hydrox ide  suspension was de termined a t  1 atmosphere 

b e t w e e n  pH 5.5 and 6.5. As seen i n  F i g u r e  1, L i n e  A, t h e  

e q u i l i b r i u m  water  c o n t e n t  v a r i e d  by approx ima te l y  50% over  t h e  

pH range. However, a sys temat i c  i nc rease  i n  Mw/Ms  was observed 

as  t h e  pH i n c r e a s e d .  The p o i n t  o f  z e r o  c h a r g e  (PZC) o f  t h e  

amorphous c a r b o n a t e - c o n t a i  n i ng a1 u m i  num h y d r o x i d e  was 6.9. 
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2558 NIXON, WHITE, AND HEM 

FIGURE 1 

E f f e c t  o f  pH on t h e  e q u i l i b r i u m  water  content, M,/M,, of an 
amorphous carbonate-contai n i ng a1 umi num hydroxide suspension a t  
1.0 atmosphere, A, and 0.25 atmospheres,  B. The 0.25 
atmosphere da ta  p o i n t s  represent  t h e  average o f  d u p l i c a t e  
samples. 

Because the  pH range studied was below t h e  PZC, a l l  samples had 

a pos i t i ve  surface charge, bu t  t h e  surface po ten t ia l  decreased 

as t h e  pH approached 6.9. The s i g n i f i c a n t  inc rease i n  M,/M, 

observed w i t h  decreasing surface po ten t ia l  would not  occur i f  

adso rp t i on  o f  water  t o  t h e  s o l i d ' s  su r face  was t h e  s o l e  
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PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2559 

mechanism o f  w a t e r  r e t e n t i o n .  There fore ,  mechanism(s1 i n  

add i t ion  t o  adsorpt ion must be c o n t r i b u t i n g  t o  water r e t e n t i o n  

by t h e  amorphous carbonate-containing aluminum hydroxide. 

A t  pH c o n d i t i o n s  near  t h e  PZC where t h e  s u r f a c e  charge 

approaches zero, t h e  t h e o r y  o f  Der jagu in ,  Landau, Verwey and 

Overbeek (DLVO theory) p r e d i c t s  t h a t  p a r t i c l e  i n t e r a c t i o n s  w ill 

be c h i e f l y  i n f l u e n c e d  by a t t r a c t i v e  van der  Waals forces406.  

Therefore,  a t t r a c t i v e  p a r t i c l e  i n t e r a c t i o n s  a r e  expected t o  

i n c r e a s e  as t h e  pH i n c r e a s e s  f r o m  5.5 t o  6.5. A t t r a c t i v e  

p a r t i c l e  i n t e r a c t i o n s  can l e a d  t o  a 3 -d imens iona l  p a r t i c l e  

network.  As t h e  a t t r a c t i v e  p a r t i c l e  ne twork  becomes more 

ex tens ive ,  t h e  p o r o s i t y  o f  t h e  system increases.  I n c r e a s e d  

p o r o s i t y  a r i s i n g  f r o m  a t t r a c t i v e  p a r t i c l e  ne tworks  w i l l  

c o n t i n u e  t o  be p r e s e n t  i n  t h e  f i l t e r  cake a f t e r  sed iment  

formation, which necessar i ly  occurs dur ing t h e  measurement o f  

w a t e r  r e t e n t i o n .  Conversely,  a t  pH c o n d i t i o n s  away f r o m  t h e  

PZC t h e  surface charge i n c r e a s e s  and r e p u l s i v e  e l e c t r o s t a t i c  

i n t e r p a r t i c l e  forces become important. Under these cond i t ions  

t h e  process o f  sed iment  f o r m a t i o n  f a v o r s  a denser, c l o s e r  

pack ing  t y p e  o f  f i l t e r  cake. When t h e  s u r f a c e  charge i s  

s u f f i c i e n t l y  great  t o  a l low c loses t  packing o f  t h e  p a r t i c l e s  i n  

t h e  f i l t e r  cake, t h e  system should possess t h e  minimum poros i ty  

a t t a i n a b l e  under t h e  appl ied pressure. The authors have chosen 

t o  r e f e r  t o  t h i s  as t h e  c l o s e s t  p a c k i n g  p o r o s i t y .  Therefore,  

it was hypothesized t h a t  t h e  pH-dependent w a t e r  r e t e n t i o n  by  
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2560 NIXON, WHITE, AND HEM 

amorphous carbonate-conta in ing  aluminum hydrox ide  seen i n  

F i g u r e  1, L i n e  A, i s  due t o  a d d i t i v e  mechanisms: water  

adsorbed by t h e  su r face  as w e l l  as water  r e t a i n e d  i n  pores 

(wh ich  has a l o w e r  l i m i t  determined by t h e  c l o s e s t  pack ing 

poros i ty  . 
The authors do not intend t o  i n f e r  t h a t  adsorbed water and 

pore water e x i s t  as two d i s t i n c t  phases separated by a f i n i t e  

boundary. As t h e  d i s tance  f rom t h e  su r face  increases, it i s  

l i k e l y  t h a t  the  proper t ies o f  water gradually assume those o f  

b u l k  water. Also, t h e  mechanism o f  water  adso rp t i on  on t h e  

su r face  I s  n o t  be ing  addressed i n  t h e  study. Hypotheses t o  

e x p l a i n  t h e  uptake o f  water  by a s o l i d  a re  a l ready  i n  t h e  

l i t e r a t u r e .  For  example, t h e  s w e l l i n g  pressure  o f  c l a y s  has 

previously been regarded as a r i s ing  from the  osmotic e f f e c t  o f  

t h e  d o u b l e  l a y e r  ions7.  More r e c e n t l y ,  i t  has  been 

h y p o t h e s i z e d  t h a t  w a t e r  i s  adso rbed  by a n o n s p e c i f i c  

i n t e r a c t i o n  w i t h  t h e  surface8'10. The l a t t e r  hypothes is  i s  

favored by the  present authors. However, i n  t h i s  study, it i s  

s i m p l y  des i red  to v i e w  r e t a i n e d  w a t e r  as  e i t h e r  b e i n g  

i n f l u e n c e d  by t h e  su r face  (adsorbed water)  or possessing t h e  

proper t ies o f  bulk water (pore water). 

Assuming water i s  not influenced by the  surface throughout 

the  e n t i r e  vo id space i n  the  p a r t i c l e  packing, a lower l i m i t  o f  

pore water  w i l l  be p resent  i n  t h e  c l o s e s t  pack ing  poros i ty .  

Furthermore, when p a r t i c l e  arrangements a re  formed w i t h  

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2561 

i n c r e a s e d  p o r o s i t y ,  more  w a t e r  w i l l  be r e t a i n e d  due t o  t h e  

i n c r e a s e d  amount  o f  p o r e  wa te r .  T h e r e f o r e ,  a q u a n t i t a t i v e  

i n c r e a s e  i n  w a t e r  r e t e n t i o n  i s  v i e w e d  as t h e  r e t e n t i o n  o f  a 

mass o f  w a t e r  i n  e x c e s s  o f  t h e  l i m i t i n g  mass, w h i c h  i s  

c o m p r i s e d  o f  adso rbed  w a t e r  and p o r e  w a t e r  p r e s e n t  i n  t h e  

c l o s e s t  pack ing po ros i t y .  

The hypothes is  o f  a d d i t i v e  mechanisms o f  water  r e t e n t i o n  

was t e s t e d  by d e t e r r r i n i n g  t h e  e q u i l i b r i u m  water  con ten t  i n  t h e  

same pH r a n g e  b u t  a t  0.25 a t m o s p h e r e  p r e s s u r e .  As seen i n  

F i g u r e  1, L i n e  B, w a t e r  r e t e n t i o n  i n c r e a s e d  w i t h  dec reased  

a p p l i e d  pressure a t  f i x e d  pH as more water  was r e t a i n e d  i n  t h e  

samp les  s u b j e c t e d  t o  0.25 a tmosphere ,  compared t o  t h e  

c o r r e s p o n d i n g  s a m p l e s  s u b j e c t e d  t o  1.0 a tmosphere .  I n  

add i t i on ,  t h e  g r e a t e s t  i nc rease  occur red  a t  pH conc l i t ions  c l o s e  

t o  t h e  PZC. T h i s  b e h a v i c r  i s  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s ,  

as f e w e r  p o r e s  i n  t h e  p a r t i c l e  n e t w o r k  w o u l d  be e x p e c t e d  t o  

c o l l a p s e  a t  0.25 a t m o s p h e r e  a p p l i e d  p r e s s u r e  r e l a t i v e  t o  1 

atmosphere .  T h e r e f o r e ,  t h e  a p p l  i c a t i o n  o f  a s m a l l e r  f o r c e  

l eads  t o  l e s s  compact ion o f  t h e  sediment  and l e s s  decrease i n  

p o r o s i t y  d u r i n g  s e d i m e n t  f o r m a t i o n .  These e f f e c t s  due t o  

l o w e r i n g  t h e  a p p l i e d  pressure  a r e  more pronounced as t h e  PZC i s  

approached s i n c e  more pores a r e  p resen t  t o  be a f fec ted .  

The w a t e r  r e t e n t i o n - p H  p r o f i l e  o f  amorphous c a r b o n a t e -  

c o n t a i n i n g  a l u m i n u m  h y d r o x i d e  a t  pH c o n d i t i o n s  w h e r e  

d i s s o l u t i o n  i s  m in ima l  i s  presented i n  F i g u r e  2. Maximum water  
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2562 NIXON, WHITE, AND HEM 

FIGURE 2 

E f f e c t  o f  pH on t h e  e q u i l i b r i u m  water  con ten t?  M w / M s r  o f  an 
amorphous carbonate-containing aluminum hydroxide suspension a t  
1 atmosphere. 

re tent ion occurred between pH 6.5 and 8.1. This region includes 

t h e  PZC (6.9) b u t  t h e  PZC i s  n o t  a t  t h e  c e n t e r  o f  t h e  r e g i o n  o f  

maxi mum water retention. 

The PZC-pH r e l a t i o n s h i p  has been found t o  a f f e c t  t h e  

p h y s i c a l  p r o p e r t i e s  o f  suspensions o f  s o l i d s  hav ing a pH- 

dependent surface charge. The v i scos i t y  was maximal4 and the  

d i f f us ion  c o e f f i c i e n t  o f  t h e  p a r t i c l e s  was minimall1 when the 

pH equaled t h e  PZC. T h i s  i s  b e l i e v e d  t o  be due t o  t h e  

increaseti a t t r a c t i v e  p a r t i c l e  in te rac t ions  which occur when the  
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PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2563 

su r face  charge i s  zero. The wa te r  r e t e n t i o n  behav io r  seen i n  

F i g u r e  2 f o l l o w s  t h e  same p a t t e r n  and i s  a l s o  b e l i e v e d  t o  be 

i n f l u e n c e d  by  t h e  f o r m a t i o n  o f  a p a r t i c l e  n e t w o r k  when t h e  

su r face  charge approaches zero. It i s  i n t e r e s t i n g  t o  no te  t h a t  

n e i t h e r  t h e  v i s c o s i t y  n o r  t h e  d i f f u s i o n  c o e f f i c i e n t  were  

symmet r ica l  about t h e  PZC. T h i s  same asymmet r ica l  behav io r  was 

seen i n  t h i s  s t u d y  i n  t e r m s  o f  w a t e r  r e t e n t i o n .  Thus, t h e  

h y p o t h e s i s  t h a t  w a t e r  h e l d  i n  p o r e s  f o r m e d  by a t t r a c t i v e  

p a r t i c l e  i n t e r a c t i o n s  c o n t r i b u t e s  t o  t h e  w a t e r  r e t e n t i o n  

p r o p e r t i e s  o f  pH-dependent suspensions i s  suppor ted by F i g u r e  

2. It s h o u l d  be  n o t e d  i n  m o v i n g  away f r o m  t h e  PZC t o  b o t h  

h i g h e r  and l o w e r  pH v a l u e s  t h a t  M , / M s  does n o t  d e c r e a s e  t o  a 

cons tan t  minimum value. T h i s  i s  i n t e r p r e t e d  t o  i n d i c a t e  t h a t  

pore water  a r i s i n g  f rom a t t r a c t i v e  p a r t i c l e  ne tworks  appears t o  

be s i g n i f i c a n t  o v e r  t h e  e n t i r e  pH r a n g e  s t u d i e d .  It a p p e a r s  

t h a t  w a t e r  r e t a i n e d  i n  p o r e s  i s  g r e a t e r  t h a n  t h e  l o w e r  l i m i t  

c o n t r i b u t e d  by t h e  c l o s e s t  pack ing  p o r o s i t y  i n  t h i s  region. 

Fumed s i l i c a  was se lec ted  t o  f u r t h e r  t e s t  t h e  hypothesis. 

Fumed s i l i c a  was s e l e c t e d  because it a l s o  has  a pH-dependent  

s u r f a c e  charge.  However, i t s  p o i n t  o f  z e r o  c h a r g e  was 3.65, 

which i s  s u b s t a n t i a l l y  d i f f e r e n t  f rom t h e  amorphous carbonate- 

c o n t a i n i n g  aluminum hydroxide. The wa te r  re ten t ion-pH p r o f i l e  

f o r  4.7% w/v ftimed s i l i c a  d i s p e r s i o n s  i s  p resented  i n  F i g u r e  3. 

The pH range was 1 i n ; i t e d  t o  pH 2-9 t o  m i n i m i z e  t h e  d i s s o l u t i o n  

o f  fumed s i l i c a .  Water r e t e n t i o n  was maximal near  t h e  PZC and 
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2564 NIXON, WHITE, AND HEM 

I I I I I I I 

2 3 4 5 6 7 8 9  
PH 

FIGURE 3 

E f f e c t  o f  pH on t h e  e q u i l i b r i u m  water  content, Mw/MS, o f  a 
fumed s i l i c a  suspension a t  1 atmosphere. 

decreased t o  a cons tan t  va lue  between pH 6 and 9. The water  

r e t e n t i o n  behav io r  o f  fumed s i l i c a  observed can be exp la ined 

based on t h e  a d d i t i v e  c o n t r i b u t i o n  o f  water  adsorbed by t h e  

surface and water retained i n  pores by the  a t t r a c t i v e  p a r t i c l e  

network and t h e  c l o s e s t  pack ing  po ros i t y .  Maximal water  

re tent ion occurred when the  pH was near the  PZC and a t t r a c t i v e  

pa r t  i c l  e i nteract  i ons predomi nated. 

It i s  i n t e r e s t i n g  t h a t  fumed s i l i c a  e x h i b i t e d  a f a i r l y  

sharp maximum i n  Mw/MS a t  pH condit ions Close t o  t h e  Pzc. I n  

contrast, amorphous carbonate-containing aluminum hydroxide had 

a broad maximum i n  Mu/& which extended over a wide pH range 

which included the  PZC. The fumed s i l i c a  used i n  t h i s  study i s  

composed o f  n e a r l y  monodisperse 0.014 um spheres w h i l e  

amorphous carbonate-contai ning a1 umi num hydroxide i s  composed 
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PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2565 

o f  much smal le r ,  po l yd i spe rse  p la te -1  i k e  pa r t i c l es l2 ,13 .  S ince  

p a r t i c l e  i n t e r a c t i o n s  a r e  f a v o r e d  i n  systemis o f  i r r e g u l a r ,  

po l yd i spe rse  p a r t i c l e s ,  t h e  c o n t r a s t i n g  b e h a v i o r  o b s e r v e d  f o r  

t h e  t w o  systenis i s  reasonable when p a r t i c l e  i n t e r a c t i o n s  a re  

c o n s i d e r e d .  The amorphous c a r b o n a t e - c o n t a i n i n g  a l u m i n u m  

hydrox ide  system possesses e x t e n s i v e  i n t e r p a r t i c l e  i n t e r a c t i o n s  

except  when t h e  PZC-pH i s  s u f f i c i e n t  f o r  r e p u l s i v e  i n t e r a c t i o n s  

t o  become s i g n i f i c a n t .  

It i s  i m p o r t a n t  t o  no te  t h a t  M w / M s  e x h i b i t e d  a constant ,  

m in imum v a l u e  b e t w e e n  pH 6 and 9 f o r  t h e  fumed s i l i c a  

d i s p e r s i o n s .  I n  t h i s  r e g i o n ,  t h e  p a r t i c l e s  possess  a h i g h  

n e g a t i v e  s u r f a c e  c h a r g e  w h i c h  p r e v e n t s  a t t r a c t i v e  p a r t i c l e  

n e t w o r k s  f r o m  f o r m i n g .  It i s  b e l i e v e d  t h e  s u r f a c e  c h a r g e  i s  

s u f f i c i e n t  i n  t h i s  r a n g e  t o  a l l o w  o n l y  t h e  c l o s e s t  p a c k i n g  

p o r o s i t y  t o  r e m a i n  i n  t h e  f i l t e r  cake. T h e r e f o r e ,  t h e  w a t e r  

r e t a i n e d  by t h e  fumed s i l i c a  between pH 6 and 9 i s  i n t e r p r e t e d  

t o  be due o n l y  t o  t h e  adso rp t i on  o f  water  and t h e  r e t e n t i o n  o f  

w a t e r  b y  t h e  c l o s e s t  p a c k i n g  p o r o s i t y .  I f  t h i s  v a l u e  

r e p r e s e n t s  t h e  n i n i n l a l  w a t e r  r e t e n t i o n  p o s s i b l e  u n d e r  t h e  

a p p l i e d  pressure, t h e n  t h e  e q u i l i b r i u m  MW/Ms in t h i s  pH range 

1 most c l o s e l y  corresponds to t h e  M w / M s  va lues  determined by Low 

f o r  a s e r i e s  o f  m o n t m o r i l l o n i t e  s l u r r i e s  and shou ld  be r e l a t e d  

t o  t h e  su r face  area o f  t h e  suspended s o l i d .  

I n  o r d e r  t o  make a p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  

r e l a t i o n s h i p  b e t w e e n  M w / M s  and s u r f a c e  area, t h e  w a t e r  
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2566 N I X O N ,  WHITE, AND HEM 

r e t e n t i o n  by grades o f  fumed s i l i c a  hav lng  d i f f e r e n t  su r face  

areas was measured a t  1 atmosphere and pH 7.0. S p e c i f i c  

surface area values were obtained by BET n i t rogen adsorption. 

The BET n i t r o g e n  adso rp t i on  s p e c i f i c  su r face  a r e a v a l u e s  f o r  

fumed s i l i c a  may n o t  be i d e n t i c a l  t o  t h e  su r face  area i n  

c o n t a c t  w i t h  water  i n  t h e  aqueous d ispers ion ;  however, i f  a 

proport ional re la t ionsh ip  e x i s t s  between t h e  two, then Mw/Ms 

and BET surface area should be correlated. Figure 4 p l o t s  the  

r e l a t i o n s h i p  between M w / M s  and BET sur face area f o r  t h e  

d i f f e r e n t  grades o f  fumed s i l i c a .  The l i n e a r  c o r r e l a t i o n  

between Mu/& and BET surface area i s  high (R2 = 0.983). This 

i n d i c a t e s  t h a t  t h e  water  r e t e n t i o n  method has p o t e n t i a l  f o r  

e v a l u a t i n g  t h e  su r face  area o f  pHodependent s o l i d s  i n  t h e  

aqueous suspended state. 

A method t o  determine the  surface area o f  so l ids  dispersed 

i n  water would be very valuable f o r  pharmaceutical suspensions. 

Unfortunately, an accurate measurement o f  t he  surface area o f  a 

s o l i d  dispersed i n  the  o r i g i n a l  aqueous s ta te  i s  d i f f i c u l t  ( i f  

n o t  imposs ib le )  t o  obtain. The use o f  convent iona l  methods 

r e q u i r e s  t h e  d ispersed phase t o  be comp le te l y  dried. T h i s  

drying process can lead t o  s i g n i f i c a n t  changes i n  the  p a r t i c l e  

arrangements, such as aggregation. A 1  so, t h e  d r y i n g  process 

can promote c r y s t a l  g rowth  o r  po lymorph ic  t rans format ions .  

Therefore, t he  surface area as determined by present methods i s  

un l i ke l y  t o  provide an adequate measure o f  t h e  s o l i d  surface i n  

contact w i t h  the  l i q u i d  medium. 
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BET SURFACE AREA, mz/g 

FIGURE 4 

R e l a t i o n s h i p  between t h e  e q u i l  i b r i u m  water  content, M,/M,, and 
BET s u r f a c e  a r e a  f o r  d i f f e r e n t  g r a d e s  o f  fumed s i l i c a  a t  1 
atmosphere. A l l  samples were run  a t  pH 7.0. 

It i s  u n l i k e l y  t h a t  a t r u l y  abso lu te  su r face  area c o u l d  be 

measured by t h e  w a t e r  r e t e n t i o n  m e t h o d .  H o w e v e r ,  t h e  

e q u i l i b r i u m  water  con ten t  may p r o v i d e  an improved i n d i c a t i o n  o f  

t h e  s o l i d  s u r f a c e  a r e a  i n  c o n t a c t  w i t h  t h e  aqueous phase o f  a 

suspension. Under s u i t a b l e  cond i t i ons ,  t h e  amount o f  r e t a i n e d  

w a t e r  s h o u l d  depend p r i m a r i l y  upon t h e  s o l  i d ' s  l l e f f ec t i ve l l  

su r f  ace area. 
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2568 NIXON, WHITE, AND HEN 

I n  sumrnary8 t h i s  study investigated t h e  charac ter is t i cs  o f  

retained water i n  aqueous suspensions o f  pM-dependent s o l  ids.  

The r e s u l t s  p r o v i d e  i n s i g h t  i n t o  t h e  f a c t o r s  which must be 

considered i n  t h e  f u t u r e  development o f  t h i s  method, It has 

been shown t h a t  water re ten t ion  var ies  w i t h  pH f o r  sc l i ds  w i t h  

a pH-dependent surface charge due t o  the  var iab le  cont r ibu t ion  

o f  pore water. Water r e t e n t i o n  due t o  pores was shown t o  be 

min imized by s e l e c t i n g  c o n d i t i o n s  where t h e  p a r t i c l e s  a re  

h i g h l y  charged and a t t r a c t i v e  p a r t i c l e  i n t e r a c t i o n s  a r e  n o t  

present. It i s  be l i eved  t h a t  t h e  water  r e t a i n e d  under these 

condit ions i s  due t o  the  adsorption o f  water by the  surface and 

water held by the  c losest  packing porosity. It was shown t h a t  

Mw/Ms i s  d i r e c t l y  re la ted t o  BET surface area f o r  fumed s i l i c a  

dispersions prepared under these conditions. - 
T h i s  r e p o r t  i s  Journa l  Paper No. 108711, A g r i c u l t u r a l  

Experiment S ta t ion ,  Purdue U n i v e r s i t y 8  West L a f a y e t t e 8  I N  

47907. 

T h i s  research was supported i n  p a r t  by Merck Sharp and 

Dohme Laboratories. 

P h i l l i p  R. N i x o n  i s  t h e  l'1986-1987 AFPE 

Manufacturing/Industri a1 Pharmacy Fel low.11 

The a u t h o r s  t h a n k  Dr .  P h i l i p  F. Low8 P r o f e s s o r  o f  

Agronomy8 Purdue University, f o r  h i s  s i g n i f i c a n t  cont r ibut ions 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PH-DEPENDENT SUSPENSIONS AND WATER RETENTION 2569 
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manuscr ip t  and Dr. Robert J. Sepslyak, S t u a r t  Pharmaceuticals, 

for '  h i s  ass is tance w i t h  t h e  su r face  area d e t e r m i n a t i o n  o f  t h e  

funred s i l i c a  samples. 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

P. F. Low, S o i l  Sc i .  SOC. Am. J., 44, 667 (1980). 

A. C. D. Newman, Journa l  o f  S o i l  Sciences, 3, 23 (1983). 

"U. S. Pharmacopeia," 21st  rev.; U. S. Pharrrlacopeial 

Convention, Rockv i l l e ,  MD, p. 30, 1985. 

J .  I?. Feldkamp, D. N. Shah, S. L. Meyer, J .  L. White and 

S. L. Hem, J .  Pharni. Sci., 24, 638 (1981). 

L. A. Richards, i n  "Methods o f  S o i l  Analysis,  P a r t  I,11 

C. A. Black, ed., American Soc ie ty  o f  Agronomy, Madison, 

Wisconsin, 1965, pp. 128-152. 

A. W. Adamson, "Physical  Chemistry o f  Surfaces,I1 3 r d  ed., 

Wiley, New York, 1976, p p .  323-326. 

H. Van Olphen, "Clay C o l l o i d  Cherrlistry,ll 2nd ed., Wiley, 

New York, 1977, pp. 107, 155-158. 

P. F. Low, S o i l  Sc i .  SOC. Am. J., 4 3 - e  651 (1979). 

P. F. Low, S o i l  Sc i .  SOC. Am. J., 4.5, 1074 (1981). 

D. J. M u l l a  and P. F. Low, J.  C o l l o i d  I n t e r f a c e  Sci. , 95, 

51  (1983). 

P. P. Wu, J. R. Feldkamp, J .  L. White, and S. L. Hem, 

J .  C o l l o i d  I n t e r f a c e  Sci., 601 (1986). 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2570 NIXON, WHITE, AND HEM 

12. E. C. Scholtz, J .  R. Feldkamp, J .  L. White and S. L. Hem, 

J .  Pharm. Sci.8 967 (1984). 

13. L. L-S. Wou and B. A. Mulley, J .  Pharm. Sc i . ,  n8 1738 

( 1984 1. 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


